Abstract Canonical histones are synthesized with a peak in Sphase, whereas histone variants are formed throughout the cell cycle. Unlike messenger RNA (mRNA) for all other genes with a poly(A) tail, canonical histone mRNAs contain a stem-loop structure at their 3′-ends. This stem-loop structure is the binding site for the stem-loop binding protein (SLBP), a protein involved in canonical histone mRNA processing. Recently, we found that arsenic depletes SLBP by enhancing its proteasomal degradation and epigenetically silencing the promoter of the SLBP gene. The loss of SLBP disrupts histone mRNA processing and induces aberrant polyadenylation of canonical histone H3.1 mRNA. Here, we present new data supporting the idea that the lack of SLBP allows the H3
Introduction

Canonical Histones
Nuclear DNA is tightly packed in chromatin about 10,000-fold [1, 2] . Nucleosomes are key players in the compaction of chromatin where they assemble 147 base pairs of DNA around their core octamer, although this number changes in nucleosomes containing histone variants [3, 4] . Each nucleosome is composed of an octamer containing two of each of the canonical histones-histone 2A (H2A), histone 2B (H2B), histone 3 (H3), and histone 4 (H4). Histone 1 (H1) is also a canonical histone, often called a linker histone because it binds and protects linker DNA that connects two nucleosomes [4, 5] . Here, canonical means Bstandard^or Btypical^, referring to the most common histones found in the nucleus. Canonical histones are encoded by replication-dependent histone genes and expressed with a peak in S-phase. Canonical histones within the nucleosome can be replaced by variant histones, such as H2A.X, H2A.Z, and H3.3, to alter chromatin structure and influence gene expression [6] . Variant histones are encoded by replication-independent histone genes and expressed throughout the cell cycle. In mammalian cells, there are two canonical histones for H3, i.e., H3.1 and H3.2. H3.2 differs from H3.1 by only one amino acid, and this single amino acid change is not known to impart different functional properties to the two isoforms. On the other hand, histone variant H3.3, which differs from H3.1 by five amino acids, gives rise to distinctive nucleosome properties and regulates gene expression differently than H3.1 [6] .
Canonical Histone mRNA Processing
Histone genes have remained highly conserved during evolution, and vertebrates have retained multiple copies of these genes. Humans, mice, and chickens, for example, have about 10-15 copies of each of the canonical histone genes [7] . Interestingly, the replicationdependent canonical histone genes are the only metazoan genes whose messenger RNA (mRNA) does not terminate at the 3′-end with a poly(A) tail. Instead, the histone mRNAs end in a conserved 26-nucleotide sequence that can form a stem-loop structure, consisting of a four-nucleotide loop and a six base-pair stem. These 26 highly conserved nucleotides are the binding site for the stem-loop binding protein (SLBP) [7] . Like the canonical histone genes, SLBP expression is limited to S-phase. SLBP is critical for canonical histone premRNA processing and histone mRNA translation [8] .
SLBP binds to the stem-loop structure at the 5′-end, while a 3′-5′exonuclease known as 3'hExo binds to and trims the 3′-end. SLPB and 3'hExo bind cooperatively to the stem-loop structure; binding of one protein induces a structural change that increases the affinity for the other to bind [9] . SLBP binding occurs in the nucleus, and it accompanies the mRNA transcript into the cytoplasm. SLBP is a component of the histone messenger ribonucleoprotein particle (mRNP), where it participates in efficient translation of histone mRNA [10] . The N-terminal domain of SLBP interacts with the Slointeracting protein 1 (SLIP1) to initiate translation [11] . Expression of H3.1 mRNA can occur outside of S-phase. While H3.1 is normally expressed only during S-phase, it may also be expressed in other phases of the cell cycle if the cell is responding to DNA damage. However, this low level, outside of S-phase expression of H3.1, is still coupled with DNA synthesis, and the histone mRNA still contains a stem-loop structure [12] .
SLBP Degradation
SLBP accumulation is a dynamic process and is regulated by the cell cycle. As cells enter S-phase, SLBP levels increase more than 20-fold; levels rapidly fall at the S/G2 boundary due to proteasomal degradation [13, 14] . SLBP proteasomal degradation is initiated by phosphorylation of two threonine residues, Thr61 and Thr60. CyclinA/Cdk1 phosphorylates Thr61 and their concentrations increase at the end of S-phase. This modification primes Thr60 to be phosphorylated by cas e i n k i n a s e 2 ( C K 2 ) [ 1 5 ] . P e p t i d y l -p r o l y l c i s / transisomerase(Pin1) and protein phosphatase 2 (PP2A) work together to dephosphorylate a phosphothreonine in a conserved region of the RNA-binding domain of SLBP. This dephosphorylation releases SLBP from the mRNA in the cytoplasm. Pin1 is also involved in SLBP polyubiquitination by interacting with Ser20 and Ser23 in the N-terminus of SLBP [16] .
Because SLBP regulates a unique mechanism for processing and translation of mRNA, SLBP loss is likely to have important consequences. Mutations or depletion of SLBP can result in misprocessing of the canonical histone mRNAs, leading to the aberrant expression of polyadenylated mRNA from each of the canonical histone genes [17] [18] [19] . This review will discuss recent findings on the function of SLBP and how the cell compensates when SLBP is not present. Focus will be placed on data presented at the 8th International Conference on Metal Toxicity & Carcinogenesis in Albuquerque, NM that illustrates the ability of arsenic, a carcinogenic metal, to deplete SLBP levels which lead to aberrant polyadenylation of canonical histone mRNA. Recent investigations following up on the data presented at the meeting have revealed exciting insights into the significance of increased poly(A) H3.1 mRNA. Here, for the first time, we report that either overexpression of H3.1 polyadenylated mRNA or knockdown of SLBP induces cell transformation.
Arsenic Exposure Causes Aberrant Polyadenylation of H3.1 mRNA by Decreasing SLBP Levels
Arsenic Toxicity
Arsenic is a metalloid listed on the Agency for Toxic Substances and Disease Registry (ATSDR) Priority List of Hazardous Substances, and it is a human carcinogen. Naturally occurring inorganic arsenic, in particular, has been identified as the causal agent in human skin, lung, bladder, liver, and prostate cancers [20] [21] [22] [23] [24] . Furthermore, arsenic exposure has also been associated with noncarcinogenic health outcomes, including cardiovascular disease, neurologic deficits, neurodevelopmental deficits in childhood, and hypertension [25] [26] [27] [28] [29] . While arsenic displays both acute and chronic toxicity, it has no known biological function. The most common mode of human exposure to inorganic arsenic is through contaminated drinking water. It affects more than 140 million people in more than 70 countries [30] .
The metabolism of inorganic arsenic is known to generate oxidative stress, which is currently one of the most widely studied mechanisms of arsenic-induced toxicity and carcinogenicity [31] . It is a widely occurring phenomenon in biological systems that can be principally described as an imbalance between the production of reactive oxygen species (ROS) and the system's ability to promptly detoxify the reactive intermediates and/or repair the subsequent cellular damage [32] . The disruption of the normal redox potential in a cellular environment via the production of ROS, such as superoxide anion (O 2 − ), hydroxyl radical (·OH), hydrogen peroxide (H 2 O 2 ), and singlet oxygen ( 1 O 2 ), can have detrimental effects on all cellular components, including proteins, lipids, and DNA [33] [34] [35] . Arsenic is an excellent generator of oxidative stress. It generates ROS by interfering with antioxidants, such as glutathione, and increasing inflammation, resulting in the accumulation of free radicals in cells.
Arsenic Induces Polyadenylation of H3.1 mRNA Peripheral blood mononuclear cells (PBMCs) were exposed to 0-1 μM of sodium meta-arsenite (NaAsO 2 ) for 48 h. One micromolar of arsenic is equivalent to 75 ppb arsenic. People in Bangledesh get exposed to 500 ppb or more [36] . Gene expression profiles were analyzed using 1.0 ST Affymetrix gene chips and results validated by real-time reverse polymerase chain reaction (qRT-PCR). Surprisingly, we found that 90 % of all histone genes were induced in the arsenic-treated PBMCs, and 8 % of all the induced genes were histone genes [37] .
These findings led us to inquire how the histone genes were being increased by arsenic. The increase in histone mRNA could be due to increased gene transcription or increased mRNA stability. As mentioned earlier, canonical histone mRNAs do not contain a poly(A) tail, which provides a feature that increases the half-life and stability of the mRNA. To investigate if histone mRNAs were acquiring a poly(A) tail due to arsenic exposure, a Northern blot was performed to examine H3.1 mRNA structure [37] . Bronchial epithelial lung cells (BEAS-2B) were utilized because of the known association of arsenic exposure and lung cancer [38] as well as the ability of this cell line to undergo malignant transformation after metal exposure [39] [40] [41] [42] . The Northern blot revealed that the amount of polyadenylated H3.1 mRNA doubled after a 48-h exposure to 1 μM arsenic. qRT-PCR confirmed these results showing an arsenic-induced increase in polyadenylated H3.1 mRNA in BEAS-2B cells, as well as two other cell lines-BL41 (human lung carcinoma cells) and PBMCs [37] . To investigate if the increased presence of H3.1 mRNA would result in higher histone H3 levels, we measured H3 levels by Western blot in BL41 cells treated with 1 μM arsenic for 48 h. H3 protein levels were significantly higher in the arsenictreated cells [37] .
Arsenic Decreases SLBP by Epigenetically Regulating the SLBP Promoter and Enhancing its Proteasomal Degradation
The mechanisms behind the aberrant polyadenylation of H3.1 mRNA induced by arsenic were unclear. However, several studies have reported that polyadenylated canonical histone mRNA occurs in cells that have a mutation in the SLBP gene or have lost SLBP protein expression [17] . This led us to investigate if SLBP depletion was behind these observations.
A Western blot analysis displayed decreased SLBP levels in arsenic-treated BEAS-2B cells. Arsenictransformed BEAS-2B clones also displayed decreased SLBP levels compared to control clones. To investigate the mechanism causing the arsenic-induced depletion of SLBP, we first examined arsenic's effect on SLBP protein degradation, which is mediated by the proteasome. We found that inhibiting the proteasome by treatment with MG-132, a known proteasomal inhibitor, recovered SLBP levels in arsenic-treated BEAS-2B cells [37] . The mechanisms behind arsenic-induced SLBP degradation have not been identified. It is possible that arsenic may directly or indirectly affect PIN1, PP2A, or other proteins involved in dissociating SLBP from the mRNA creating free SLBP that is susceptible to ubiquitination and subsequent proteasomal degradation.
Given arsenic's ability to alter gene expression, we investigated if the arsenic-induced depletion of SLBP was also due to arsenic affecting SLBP at the transcriptional level. qRT-PCR on arsenic-treated BEAS-2B displayed a decrease in SLBP mRNA [37] . Arsenic is known to exert its carcinogenicity and toxicity via epigenetic mechanisms. To investigate if the arsenicinduced decrease in SLBP mRNA was mediated by epigenetic mechanisms, we coexposed BEAS-2B cells with arsenic and inhibitors of the epigenetic machinery. Cells exposed to either Na-butyrate, a histone deacetylase inhibitor, or 5-azacytidine, a DNA methyltransferase inhibitor, displayed increased levels of SLBP mRNA restoring SLBP to levels found in untreated cells [37] . These results suggested that arsenic was inducing histone deacetylation and increasing DNA methylation at the SLBP promoter, two epigenetic events that promote gene silencing. Certain histone modifications affect gene expression in a positive or negative manner, and arsenic has been shown to alter histone modifications to influence gene expression. To study if arsenic was altering histone modifications at the SLBP promoter, a ChIP assay was performed on arsenic-treated BEAS-2B cells. The results displayed a 50 % decrease in H3K4me3 levels, an activating histone mark, at the SLBP promoter [37] .
These results demonstrate that arsenic-induced depletion of SLBP occurs at both the protein and transcriptional levels. Mechanisms underlying arsenic's effects at the SLBP gene promoter as well as induction of proteasomal degradation have yet to be identified. Other studies have demonstrated arsenic's ability to alter global levels of histone modifications [43] as well as affect epigenetic enzymes [23] . Future studies should investigate the levels and activity of the epigenetic machinery that may be responsible for the arsenic-induced SLBP silencing, such as mixedlineage leukemia protein 1 (MLL), DNA methyltransferase (DNMT1), and others.
H3.1 poly(A) mRNA Exists Outside of S-phase
As mentioned earlier, canonical histone mRNA expression is limited to S-phase of the cell cycle; however, poly(A) histone mRNA is not subjected to the normal histone mRNA degradation processes that occur at the end of S-phase. The poly(A) tail stabilizes the histone mRNA and aids in its evasion of degradation [44] . This led us to inquire if arsenic-induced polyadenylation of H3.1 mRNA would allow for its presence outside of S-phase. To test this hypothesis, we examined H3.1 poly(A) mRNA levels in cell cycle synchronized BEAS-2B cells after arsenic treatment. There was a significant increase in polyadenylated H3.1 mRNA in the later stage of S-phase where canonical histone mRNA levels normally fall dramatically. Conversely, SLBP mRNA was shown to be significantly decreased at the G1 to mid S-phase where it normally rises rapidly. The most interesting finding was that H3.1 polyadenylated mRNA was present in mitosis at almost three times the level found in control cells [37] . Presence of canonical histones outside of S-phase affects chromosomal segregation in mitosis [45] and holds potential to disrupt histone variant deposition, which will influence gene expression. These data are also in line with results from Sullivan et al., which demonstrate that in Drosophilad SLBP mutant embryos, stable polyadenylated canonical histone mRNA accumulates in nonreplicating cells [18] .
Mechanism of Arsenic-Induced Polyadenylation of H3.1 mRNA It is likely that the aberrant polyadenylation of H3.1 observed after arsenic exposure is due to arsenic's effect on SLBP; however, the mechanisms behind the polyadenylation were still unclear. A poly(A) signal or a histone stem-loop sequence is required for termination of transcription. It was hypothesized that the loss of SLBP prevents it from binding to the stem-loop sequence and the transcription cannot be terminated near the stem-loop sequence. In this case, the histone mRNA acquires a poly(A) tail via a downstream poly(A) signal [17] . To investigate this theory, we analyzed the nucleotide sequence of H3.1 gene 3′-end and found a potential poly(A) site, TATAAA, 63-nt downstream of the stem-loop sequence (Fig. 1a) . RT-PCR of H3.1 mRNA using primer upstream of the stem-loop sequence and near the poly(A) site will determine how the transcription is terminated-by the stem-loop sequence or by the poly(A) signal. We treated BEAS-2B cells with 1 μM of arsenic for 48 h. Total RNA was extracted and then converted to cDNA. H3.1 cDNA downstream of the stem-loop sequence was amplified by PCR with specific primers as shown in Fig. 1a . The results of the RT-PCR shown in Fig. 1b demonstrate that arsenic exposure increases the levels of H3.1 mRNA containing downstream of the stem-loop sequence. These data support the idea that lack of SLBP allows the H3.1 mRNA to be polyadenylated using the downstream poly(A) signal. Aberrant polyadenylation of H3.1 mRNA was increased in BEAS-2B cells transformed by arsenic [37] . Disruption of histone variant deposition into nucleosomes has been linked to cancer, and increased presence of canonical histones outside of S-phase may promote this dysfunction. These observations allude to the notion that increased H3.1 levels may play a role in arsenicinduced carcinogenesis. Here, for the first time, we report the ability of increased H3.1 polyadenylated mRNA to induce cell transformation.
We inserted canonical histone H3.1 cDNA into a pcDNA vector. The pcDNA vector contained a poly(A) signal which produced polyadenylated H3.1 mRNA. The pcDNA-H3.1 vector was stably transfected into BEAS-2B cells. RT-PCR analysis displayed that ectopically expressed poly(A) H3.1 mRNA was significantly increased in cells with the pcDNA-H3.1 vector (Fig. 2a) . A Western blot displayed an increase in ectopically expressed H3.1 protein levels generated from H3.1 polyadenylated mRNA in cells containing the vector (Fig. 2b) . In order to investigate if the stably transfected BEAS-2B cells would undergo cell transformation, we plated wild-type BEAS2B cells and pcDNA-H3.1-expressing cells in 0.35 % agar and cultured them for 4 weeks. Interestingly, the cells overexpressing polyadenylated H3.1 formed significantly more colonies in soft agar than wild-type cells. About 100 colonies formed in the pcDNA-H3.1-expressing cells, while very little to no colonies formed in the wild-type (Fig. 2c) . These data suggest that polyadenylated H3.1 mRNA holds potential as a mechanism to facilitate carcinogenesis by toxicants such as arsenic that depletes SLBP.
Increased Polyadenylated H3.1 mRNA in Carcinogenesis
This is the first report to describe overexpression of a canonical histone to induce cell transformation. It still remains unclear how polyadenylated H3.1 is inducing anchorage-independent growth and if this mechanism is involved in arsenic-induced carcinogenesis. Disruption of H3 has been demonstrated in many cancer types, and much of the dysfunction is attributed to alterations in histone tail modifications [46] [47] [48] . To our knowledge, no investigations have reported on the upregulation of H3 protein levels themselves and their possible involvement in cancer. Earlier, we demonstrated the presence of H3.1 poly(A) mRNA in mitosis. This datum may have significant impact on cellular processes since a failure to repress histone expression following DNA replication is highly toxic due to abnormal chromosome segregation in mitosis [45] . If large amounts of canonical histones are present outside of S-phase, they may compete with histone variants such as H3.3 for nucleosome assembly at specific genomic loci such as promoters, enhancers, and pericentric heterochromatin regions. Since canonical and variant histones possess distinctive properties [49] , this substitution could disrupt appropriate chromatin structure and may affect functions relevant to histone variants including transcription and DNA damage repair and eventually cause genomic instability [50, 51] .
The most likely theory regarding polyadenylated H3.1 mRNA's role in carcinogenesis involves increased levels of H3.1 competing with the H3.3 variant for nucleosomal deposition. Despite only a five amino acid difference between H3.1 and H3.3, the two histones play different roles in a variety of cellular processes, such as development, germline integrity, and gene expression [52] [53] [54] . As stated earlier, H3.3 is found in the promoters of active genes. H3.3-containing nucleosomes promote a less stable nucleosome accompanied by an opened chromatin structure. These features create an environment that fosters gene activation [54] . H3.1 gets evicted from the nucleosome and replaced by H3.3 [53, 54] . Should H3.1 levels increase, H3.1 may outcompete H3.3 for deposition into the nucleosome. H3.3 eviction and subsequent replacement with H3.1 have been shown to increase the deactivating histone mark, H3K27me3, and decrease the activating histone mark, H3K4me3 [55] . Thus, presence of H3.1 in nucleosomes in promoters creates a more repressive environment than H3.3-containing nucleosomes. H3.1 outcompeting H3.3 for deposition in nucleosomes found in the promoters of tumor suppressor genes will silence these genes, which will facilitate carcinogenesis. A study by Harada et al. has demonstrated that increasing H3.1 to alter the ratio of H3.1 to H3.3 in the cell leads to H3.1 replacement of H3.3 in regulatory regions of skeletal muscle cells. This replacement was accompanied by an increase in H3K27me3 and a decrease in H3K4me3 [55] . Another study by Wen et al. found that replacement of H3.1 by H3.3 is required for the activation of key pluripotency genes in embryos by removing H3.1 repressive histone modifications [56] .
In contrast to the theories stated above, there is evidence that H3.3 likely replaces H3.1 at the promoters of cell cycle-promoting genes during senescence, contributing to the transcriptional suppression of these genes by removing H3K4me3 through H3.3 cleavage [57] . Increased levels of H3.1 may outcompete H3.3 deposition and prevent the H3.3 tail cleavage by cathepsin and the removal of the active modification H3K4me3, resulting in the proliferation genes being left on. Continued expression of genes involved in proliferation and the cell cycle may be one way overexpressed H3.1 drives carcinogenesis. It is likely that more than one of these mechanisms may participate in tumorigenesis, depending on the location of the nucleosome assembly dysfunction.
To further support the hypothesis that upregulation of H3.1 facilitates cancer, several studies have reported increased levels of CAF-1 (chromatin assembly factor 1) in various cancer types [58] [59] [60] [61] [62] [63] . CAF-1 is a chaperone protein that guides histone H3.1 into the nucleosome at S-phase in a replication-dependent manner (1) . Increased levels of CAF-1 alongside upregulation of H3.1 would work together to interfere with proper nucleosome assembly further fostering carcinogenesis. Future studies involving the overexpression of polyadenylated H3.1 should examine whether the role of CAF-1 in cancer development is dependent on the increase in H3.1 deposition. It would also be interesting to see if arsenic induces an increase in CAF-1 levels, which coincide with the arsenic-induced increase in H3.1.
H3.3 is incorporated into chromatin by histone regulator A (HIRA) in a replication-independent manner (1-3). Unlike CAF-1 upregulation, increased HIRA levels work to prevent carcinogenic events by incorporating histone H3.3 and other canonical core histones (histone H4) into a dynamic chromatin landscape [64] . These studies reporting the different carcinogenic endpoints observed between upregulation of CAF-1 or upregulation of HIRA support the notion that interfering with proper nucleosome assembly of H3.1 and H3.3 plays a role in carcinogenesis. Few investigations have been conducted on HIRA, and future studies should examine its function in nucleosome assembly. It would be interesting to see if arsenic or overexpression of H3.1 would affect HIRA levels directly or indirectly.
H3.3 deposition may be alternatively mediated by another pathway involving ATP-dependent helicase (ATRX) and death-associated protein 6 (DAXX). Dysfunctions in these proteins may also affect nucleosome assembly and contribute to carcinogenesis. A study by Jiao et al. demonstrated that 40 % of human pancreatic neuroendocrine tumors (PanNETs) contained loss-of-function mutations in either the ATRX or DAXX genes [65] . In addition, somatic mutations in the H3.3-ATRX-DAXX chromatin assembly pathway have been identified in 44 % of pediatric glioblastoma tumors. These data further support the hypothesis that disrupting nucleosome deposition of H3.3 is an oncogenic pathway.
Knockdown of SLBP Induces Cell Transformation
Knockdown of SLBP Expression by shRNA Promotes Anchorage-Independent Growth in BEAS-2B Cells SLBP was depleted in arsenic-transformed clones. To provide further insight into the role that SLBP depletion plays a role in carcinogenesis, we knocked down the level of SLBP gene expression and observed its effect on cell transformation. BEAS-2B cells were stably transfected with an SLBP small-hairpin RNA (shRNA) vector. A Western blot analysis demonstrated reduction of SLBP levels in SLBP shRNA transfected cells (shSLBP) compared to control cells (shCtrl) (Fig. 3a) . The shSLBP and shCtrl cells were plated in 0.35 % soft agar and cultured for 4 weeks. The shSLBP cells formed significantly more colonies at the end of the fourth week than shCtrl cells (Fig. 3b) .
Loss of SLBP and its Role in Carcinogenesis
These data suggest that loss of SLBP alone is sufficient to induce cell transformation and is playing a key role in driving arsenic-induced carcinogenesis. The mechanisms behind SLBP reduction and cancer likely involve upregulation of canonical histone levels since our previous data showed that SLBP loss leads to increased histone H3 levels and increased H3.1 promotes anchorage-independent cell growth. Many of the hypothesized mechanisms presented in BPolyadenylated H3.1 mRNA Leads to Cell Transformation^concerning why induction of H3.1 promotes anchorage-independent cell growth are pertinent to the loss of SLBP in cell transformation.
Dysfunction in nucleosome assembly and its effects on gene expression is likely one of the primary mechanisms at play in Fig. 3 . In contrast to Fig. 2 , the increase in colony formation likely involves dysregulation of other canonical histones besides H3.1. Our previous data [37] show that arsenic exposure affects the expression of 90 % of all the histone genes and expression of histone H4 mRNA was significantly induced. It is likely that loss of SLBP is increasing the levels of other canonical histones and this may affect the nucleosomal assembly of other histone variants besides H3.3. For example, H2A gets replaced by the histone variant H2AZ. Nucleosomes containing H2AZ act in a similar fashion as H3.3-containing nucleosomes at certain genomic regions. H2AZ in combination with H3.3 decreases nucleosome stability and creates an open chromatin structure that promotes gene activation. H3.3 and H2AZ cooccupy nucleosomes flanking promoters and the nucleosome at the transcription start site [54] . Increased level of canonical H2A also holds potential to disrupt DNA repair since the histone variant H2AX is involved in DNA double-strand break repair [54] .
Conclusion
Mechanisms surrounding arsenic-induced carcinogenesis are vague. Although there are multiple known mechanisms in which arsenic exerts its carcinogenic potential such as altering DNA methylation levels and inducing oxidative stress, our data reveal a new pathway in which arsenic exerts its tumorigenic effects. Figure 4 summarizes these findings. Arsenic induces depletion of SLBP by affecting both the protein levels and the mRNA levels of SLBP, and this reduction subsequently results in aberrant polyadenylation of H3.1 mRNA, which continues to exist outside of S-phase. Other carcinogenic metals such as nickel and cadmium may also facilitate tumorigenesis via SLBP depletion, and future investigations should examine the effects of these metals on canonical histone mRNA structure. In vivo studies also are necessary to confirm these results as aroute of arsenic-induced carcinogenesis.
Dysfunction in both canonical and variant histones has been linked to cancer; however, the actual levels of the proteins have not been fully investigated in carcinogenic studies. Here, for the first time, we demonstrate the involvement of increased levels of H3.1 in cell transformation. Polyadenylated H3.1 mRNA and exogenous H3.1 protein levels were significantly increased in transfected cells, and these cells displayed increased colony formation in soft agar. These data suggest that increased levels of H3.1 due to polyadenylation of its mRNA hold potential as a mechanism to facilitate carcinogenesis by toxicants such as arsenic that depletes SLBP. This hypothesis was further supported by data showing the enhanced ability of SLBP knockdown cells to undergo cell transformation.
Currently, our studies have focused on histone H3; however, overexpression of other canonical histone mRNAs with a poly(A) tail may also promote cell transformation. Future investigations should check if arsenic-induced upregulation of other canonical histones is due to aberrant polyadenylation of their mRNA. Future studies will focus on the overexpression of polyadenylated H4, H2A, and H2B to see if induction of these canonical histones will also facilitate cell transformation. 
